The solubilities of gallic, protocatechuic, gentisic or α-resorcylic acids were measured in nine pure solvents (water, methanol, ethanol, 1-propanol, 2-propanol, 2-butanone, ethyl acetate, acetonitrile and dimethylformamide) at 298.15 K and 313.15 K, using the analytical isothermal shake-flask method. Additionally, solid phase studies of the selected phenolic acids were carried out using differential scanning calorimetry (DSC) and X-ray diffraction (XRD), giving access to important data on melting properties as well as on the structure of the solid phase before and after the dissolution. The NRTL-SAC model coupled to the reference solvent approach (RSA) were applied to correlate the solubility data in a set of seven solvents and, after used to predict the solubility in 1-propanol and dimethylformamide. Average relative deviations (ARD) between 28 and 40% for the correlation and between 16 and 59% for the predictions were obtained. These values are within the order of magnitude usually found for such type of semipredictive models, using a limited set of data.
Introduction
The phenolic compounds present in natural matrices comprise a very wide range of chemical structures including simple phenols, phenolic acids, coumarins, flavonoids, stilbenes, among others [1] . Many of them are being isolated and extensively studied for their biological and pharmacological activity. In this context, the knowledge of their solubility in water and organic solvents plays an important role in the design of separation processes such as extraction, precipitation or crystallization for application in the food, pharmaceutical, and cosmetic industries.
In the last years, several studies have been focused on the study of the solubility of naturally occurring hydroxybenzoic acids. Since 2007, Noubigh and collaborators have presented some studies on the solubility of gallic, protocatechuic, syringic and vanillic acids in water and organic solvents [2] [3] [4] [5] [6] [7] [8] [9] . Additionally, there were also contributions from other researchers that studied salicylic [10] [11] [12] [13] [14] [15] , gallic [13, [16] [17] [18] [19] , protocatechuic [20, 21] , syringic [20] , veratric [22] and vanillic acids [23, 24] .
An alternative and reliable path for reducing the amount of experimental work needed to estimate the solubility is the use of predictive and semi-predictive thermodynamic models, especially those based on group contribution approaches. The original UNIFAC model [25] and its modified versions have been applied over the last years to describe the solid-liquid equilibria of phenolic compounds in binary and multicomponent mixtures [23, [26] [27] [28] [29] [30] . The NRTL model [31] and its variants, especially NRTL-SAC [32] , have also shown very satisfactory results in the correlation of the solubilities of phenolic compounds in water and organic systems [19, 22, 24, [28] [29] [30] [33] [34] [35] [36] . Recently, NRTL-SAC was also employed to screen the best solvents to optimize the extraction of phenolic compounds in chromatographic processes [37] [38] [39] .
In this work, the solubility studies are extended to four phenolic acids: gallic acid, protocatechuic acid, gentisic acid and α-resorcylic acid. These naturally occurring phenolic acids are all derived from a basic hydroxybenzoic acid structure, varying the number (2 or 3) and positions of the hydroxyl groups, as can be seen in Fig. 1 .
In order to study solvents of different characteristics, the solubility of the phenolic acids was measured in water and eight organic solvents (methanol, ethanol, 1-propanol, 2-propanol, butanone, ethyl acetate, dimethylformamide -DMF, and acetonitrile) at 298.15 and 313.15 K. The obtained data were critically compared to that available in the open literature. Solubility data of several of the studied binary systems has not been reported yet, and regarding gentisic and α-resorcylic acids no solubility data were found.
In addition, the temperatures of fusion of the selected phenolic acids were measured by differential scanning calorimetry (DSC) and by a visual method, and the results compared to those previously reported in literature. The melting enthalpies of the acids were also estimated by DSC, while powder and single-crystal X-ray diffraction were employed to investigate the solid phase structures of the pure phenolic acids as commercially supplied, as well as after being recrystallized from the saturated binary solutions.
Finally, the nonrandom two-liquid segment activity coefficient (NRTL-SAC) model was selected to describe the solid-liquid equilibria of the studied binary systems. This semi-predictive model was already satisfactorily applied to describe the solubility of other phenolic compounds [40] [41] [42] . Due to the high uncertainty of the melting enthalpy of the phenolic acids, the reference solvent approach (RSA) was combined with the NRTL-SAC model [30, 43] .
Materials and methods

Chemicals
All the compounds were used as received, and the solids kept in a desiccator to avoid water contamination. Ultrapure water (resistivity of 18.2 MΩ·cm, free particles ≥ 0.22 μm and total organic carbon b5 μg·dm −3 ) was used to perform the solubility experiments. The mass purity and source of all the compounds used in this work are listed in Table 1 .
Solubility measurements
The solubility of the phenolic acids was measured by the analytical isothermal shake-flask method as described in detail previously [13, 44] . Saturated solutions were prepared in a flask by mixing a small amount of solid in excess with around 80 cm 3 of solvent. The flasks were covered with aluminum foil, to protect the solutions from light degradation, and they were placed over plate stirrers inside a thermostatic water bath. The temperature control system ensures that the solution temperature is within ±0.1 K to the set temperature. First, the flasks containing the prepared solutions were stirred in an ultrasonic bath (Ultrasons-H, JP Selecta S.A.) for 1 h, at the same temperature of the solubility experiment (298.15 and 313.15 K) to shorten the equilibrium time [45] . From preliminary experiments, it was found that 24 h and 8 h are adequate for shaking and settling times, respectively.
After reaching equilibrium, three samples (5 cm   3 ) were collected by using previously heated plastic syringes coupled to a polypropylene filter (0.45 μm pore diameter). The gravimetric method was applied to analyze the samples using an analytical balance (±0.1 mg). The solvent was first evaporated in a ventilation hood and after the samples transferred to a drying oven operating at 343.15 K for at least 7 days, to complete the drying process.
Fusion properties
The fusion properties of the solid phase of the phenolic acids, as received from suppliers, were measured using two experimental methodologies: the visual method (melting temperature) and differential scanning calorimetry (melting temperature and enthalpy), which are briefly described below.
Visual method
Melting temperatures were obtained with an automatic glass capillary device model M-565 from Büchi (50-60 Hz, 150 W, temperature resolution: 0.1 K). A heating rate of 0.1 K·min −1 was used and the temperature was registered when the last crystal disappeared. For each compound, three independent measurements were carried out.
Differential scanning calorimetry (DSC)
Melting properties were determined at atmospheric pressure in a Hitachi DSC7000X device, equipped with a liquid nitrogen cooling system. Samples of 2-5 mg, tightly sealed in aluminum pans, were submitted to heating cycles at 1 and 2 K·min −1 . The thermal transitions temperatures were taken as the peak temperature. The equipment was previously calibrated with several standards. The temperature uncertainty calculated through the average of the standard deviation of several consecutive measurements was better than ±2.2 K.
2.4. Solid-phase studies
Samples
The pure solid compounds as received from the supplier as well as solids crystallized after the gravimetric procedure were analyzed by powder and single crystal X-ray diffraction.
Powder X-ray diffraction
Powder XRD data were collected on a X'Pert MPD Philips diffractometer, using Cu-Ka radiation (λ = 1.5406 Å), with a curved graphite monochromator, a set incident area of 10 mm 2 , and a flat plate sample The cell parameters of suitable crystals of selected phenolic acids in different solvents were determined on a Bruker SMART Apex II diffractometer equipped with a CCD area detector, with monochromated Mo-Kα radiation (λ = 0.71073 Å) and operating at 150(2) K. After a search in CCDC database [46] we concluded that, in a few cases, protocatechuic acid crystalized in a different crystalline system not yet reported, so Xray data were collected to determine its structure. The crystals of protocatechuic acid after long contact with moist air and sample I5 were put at 40 mm from the CCD and the spots were measured using 30, 80 s counting time. Data reduction was carried out using the SAINT-NT software package. Multi-scan absorption correction was applied to all intensity data using the SADABS program [47] .Both structures were solved by a combination of direct methods with subsequent difference Fourier syntheses and refined by full matrix least squares on F 2 using the SHELX-2013 suite [48] .All non hydrogen atoms were refined with anisotropic thermal displacements. The C\ \H hydrogen atoms were included on the calculated positions and refined with isotropic parameters equivalent to 1.2 times of those of from the atom they are bonded. The hydrogen atoms bonded to water molecules and also those attached to oxygen in the benzoic acid molecules were obtained from the last Fourier map. Molecular diagrams were drawn by employing the Olex2 software [49] .
Crystal data and refinement details are available in Table S1 of Supporting information.
Thermodynamic modelling
In this work, the NRTL-SAC thermodynamic model was selected to calculate the activity coefficient of the solute in a given solution. A complete description of the equations and fundamentals of the model can be found in previous works from Chen and co-authors [32, 50, 51] . In summary, NRTL-SAC describes each molecule using four conceptual segments related to the different surface interactions: hydrophobic (X), hydrophilic (Z), polar attractive (Y + ), and polar repulsive (Y − ). The segment descriptors of around 63 solvents were already reported in literature [32] . Thus, a small set of experimental solubility data will be used to estimate the four segment parameters missing for each solute.
Assuming pure solid phase and neglecting the heat capacity change, which is hardly ever known, classical thermodynamics proposes Eq. (1) to describe the solubility curves:
where x S is the mole fraction of the solute S, R is the ideal gas constant, T is the absolute temperature, T m is the melting temperature of the solute, Δ m H its melting enthalpy, and γ S is the activity coefficient of the solute S [52] . However, melting properties are often missing, and in particular the melting enthalpy value is highly uncertain for the studied compounds, and so the NRTL-SAC model was combined with the reference solvent approach [53, 54] . In this methodology, for each solute the term ln (x i γ i ) can be considered constant at a given temperature, and the solubility of a solute S in a solvent i can be calculated as a function of the reference solvent j as shown below:
where x Si is the mole fraction solubility of the solute in the solvent i, x Sj is the mole fraction solubility of the solute in the reference solvent j, γ Si (T, {x S } i ) is the activity coefficient for the solute in solvent i, while γ Sj (T,{x S } j ) is the activity coefficient of the solute in the reference solvent j. For a given data set, the optimal reference solvent j is found by minimizing the sum of the residuals according to Eq. (3):
being x S, ij the mole fraction of the solute in solvent i, assuming that j is the reference solvent, and N is the number of experimental data.
Results and discussion
Experimental solubility
The solubilities of gallic acid, protocatechuic acid, gentisic acid and α-resorcylic acid in water and organic solvents (methanol, ethanol, 1-propanol, isopropanol, 2-butanone, ethyl acetate, dimethylformamide and acetonitrile) measured in this work at 298.15 and 313.15 K, are presented in Tables 2 and 3, respectively. Each reported solubility value is the average of at least three different measurements. The standard deviation is also shown in Tables 2  and 3 . The maximum variation coefficients are 1.98% and 1.60%, for the experiments performed at 298.15 and 313.15 K, respectively.
In water, α-resorcylic acid is considerable more soluble than all the other acids ranking: gentisic acid N protocatechuic acid N gallic acid. In case of organic solvents, protocatechuic and gentisic acids are the most soluble; protocatechuic acid in alcohols and 2-butanone, while gentisic acid in ethyl acetate, acetonitrile and DMF. For all the systems, the solubility increases with the temperature increase, but more strongly in water than in organic solvents. For systems containing alcohols, the solubility is generally higher than in all other solvents, decreasing with the increase of the alky chain of the alcohol.
A distinct behavior was observed in the solubilities of the binary systems containing ethyl acetate, acetonitrile and 2-butanone. In the case of binary systems containing ethyl acetate and acetonitrile, the solubilities of gentisic and protocatechuic acids are much higher than the solubilities of gallic acid. For 2-butanone, the solubilities of protocatechuic and gentisic acid are considerably higher than the solubilities of gallic and α-resorcylic acids. In addition, very high solubilities were observed for all the systems containing dimethylformamide. Whenever possible, the experimental data obtained in this work were compared to the data already published in the literature. An overview of the information available in the literature is shown in Table S2 of Supporting information. As can be seen, no solubility data were found for gentisic and α-resorcylic acids.
As illustrated in Fig. 2 , at 298.15 K, the solubility of gallic acid in water obtained in this work (1.072 g/100 g solvent) is lower than average solubility data collected from literature K (1.339 ± 0.232 g/100 g solvent), that varies from 1.01 g/100 g of solvent [16] to 1.40 g/100 g of solvent [19] . At 313.15 K, however, the solubility measured in this work (2.417 g/100 g solvent) is closer to the literature average, being slightly higher. At both temperatures the results obtained in this work are closer to those measured by Lu and Lu (2007) . The differences between different works are probably due to the level of purity of the compounds, the nature of the solid phase of the solutes, and the shaking or settling times [6, [16] [17] [18] . Also deserving a note is the very small solubility increase with temperature published by Noubigh et al. [3] .
A comparison between the solubility of gallic acid in different organic solvents and of protocatechuic acid in water and organic solvents are shown in Figs. 3 and 4 , respectively.
The solubility of gallic acid in methanol, ethyl acetate, ethanol is always closer than 0.8 g/100 g solvent to the results reported by Daneshfar et al. [17] , which is quite consistent considering the solubility magnitudes. From the results published by Dali et al. [18] , the values that agree the most with the results found in this work are the solubility data for the binary system gallic acid and 2-propanol. In the case of the system formed by gallic acid and 1-propanol, the solubility values published by Dali et al. [18] are higher than the values measured in this work. However, the literature data present a higher leap between the values at 293.15 and 298.15 K, which is unusual unless a phase transition is observed. From all the studied binary systems containing gallic acid, the solubility in acetonitrile is the one presenting the highest disagreement with the values found in literature. Here, this experiment was repeated and the results obtained were the same within the uncertainty of the measurements.
In the systems containing protocatechuic acid, the data measured in this work and the literature average are very close for aqueous systems. However, considering organic solvents, the solubility data by Noubigh et al. [7] are in all cases lower than those proposed in this work. We have performed several tests and repeat the solubility measurements always finding consistent values. Those authors applied 3 h as stirring time to prepare the saturated solution, which might not be enough. Another explanation may be related to the solid phase system. Like discussed below, there are evidences that protocatechuic acid can present a stable hydrated form, and no information about the solid phase is reported by Noubigh et al. [7] . Table 4 shows the melting temperature of the phenolic acids, measured in this work by DSC and a visual method, and the melting enthalpy obtained by DSC. Exemplificative thermograms are given as Supporting information (Fig. S1 ). For comparison purposes, a summary of the few available literature data is also presented.
Fusion properties
The measured melting temperatures found in this work by the two experimental methods (DSC and visual methods) are very close. In general, for protocatechuic and α-resorcylic acids they are also in close agreement with those found in literature. Likewise, the melting temperature obtained for gentisic acid is comparable to those reported by other authors, especially to the value found by Price et al. [58] . For gallic acid, the melting point published by Bogel-Łukasik et al. [55] agrees more with the values found in this work.
Regarding the enthalpy of fusion, the literature values are much more uncertain and less consistent with each other. The results found in this work for protocatechuic and α-resorcylic acids are very close to those measured by Vecchio [56] and Monte et al. [59] , respectively. In the case of gentisic acid, only one value was found in the literature for the enthalpy of fusion, which is quite smaller than the value obtained in this work. The DSC studies on gentisic acid also point an endothermic peak before melting, between 195.6°C and 200.8°C.
From the mentioned dihydroxybenzoic acids, only α-resorcylic acid presented weight loss in one of the runs performed in this work, which may indicate sample degradation. However, Monte et al. also performed studies on the phase behavior of protocatechuic acid, gentisic acid and α-resorcylic acid, observing decomposition only for protocatechuic acid. These divergences are probably related to the solid phase nature, purity and the experimental methodology.
A major divergence is observed for gallic acid, which seems to decompose upon melting (see Fig. S1 (a) ). Mota et al. [13] tried to measure the enthalpy of fusion of gallic acid via DSC and also observed some degradation during the phase change. Other authors reported values that are considerably different from each other, and the one measured here presents very high standard deviation, which may indicate that DSC technique is unfeasible to measure the enthalpy of fusion of gallic acid, and probably ultra-fast DSC is a better technique to perform this measurement.
To conclude, the thermograms shown in Supporting information may be explained by some degradation phenomena, including either sublimation or other phenomena such as solid-solid transitions.
Solid phase studies
First, studies on the characterization of the solid phases of the selected phenolic acids were carried out as received from the suppliers. In order to facilitate the identification of the solid phases, a literature review of the previous reported structures is presented in the Supporting information (Table S3) . From a single crystal, it was found that the gentisic acid crystalizes in monoclinic P system with cell parameters of a = 5.58 Å, b = 4.90 Å, c = 23.51 Å, β = 93.34°, which are comparable to those published in CCDC database (CCDC numbers: 747937-747942 and 747946-747948) [61] .
After a long exposure to air moisture, protocatechuic acid crystalizes in triclinic system showing the following cell parameters: a = 7.927 (3) Å, b = 8.058(3) Å, c = 12.500(4) Å, α = 77.323(13)°, β = 72.847 (13)°, and γ = 72.382(13)°. A search in CCDC database revealed that no sample matches these parameters, and they are different from those samples published by Sarma et al. [60] . In Fig. 5 , it is presented the molecular structure of protocatechuic acid from supplier after a long contact with air moisture.
The asymmetric unit of protocatechuic acid contains two crystallographically independent protocatechuic acid units and two water solvent molecules (Fig. 5a) . The crystal lattice of the protocatechuic acid from supplier is stabilized via multiple hydrogen bonding interactions among the protocatechuic acid molecules and water crystallization molecules. The dimensions of the hydrogen bonds are listed in Table 5 . The protocatechuic acid units are assembled through hydroxyl group from one molecule as donor and the adjacent oxygen atom as acceptor with O···O distance of 2.729(2) and 2.575(2) Å forming dimer units, as well as with the two solvent water molecules with O···O distances ranging from 2.706(2) to 2.854(2) Å (Fig. 5b) . These bonding interactions play a decisive role in the lattice stabilization leading to the formation of a 3-D network of hydrogen bonds.
Another relevant structural feature of protocatechuic acid is the parallel disposition adopted by the protocatechuic acid rings at a centroidcentroid distance of 3.587 Å and a shift distance of 1.115 Å, which are consistent with the existence of intermolecular π···π interactions.
The experimental X-ray powder diffraction pattern with the powder pattern calculated from the structure solved from single-crystal X-ray diffraction data is shown in the Supporting information (Fig. S2) .
Gallic and α-resorcylic acids showed very small particle sizes (b 20 μm), being not suitable for single crystal. Consequently, they were analyzed by powder diffraction, displaying similar powder patterns when compared to those published in CCDC database (811292, 820132, 837396 and 927226) for gallic acid [62] [63] [64] and 764271 for α-resorcylic acid [60] . The complete description of the X-ray patterns for gallic and α-resorcylic acids as well as a comparison of the experimental X-ray powder diffraction pattern of protocatechuic acid from supplier with the powder pattern calculated from the single-crystal Xray diffraction data are presented in Supporting information (Figs. S2-4) .
Additionally, a selected set of the solid samples obtained after the drying process (slow evaporation of the solvent, followed by a drying period in an oven at 343 K), from the saturated solutions of water, methanol, 2-butanone, ethyl acetate and dimethylformamide were also analyzed by powder and single crystal X-ray diffraction. Table 6 presents an overview of the obtained results.
The crystals obtained from the evaporation of the solvent in gallic acid binary systems are comparable to those published in CCDC database (CCDC: 811292, 820132, 837396 and 927226) [62] [63] [64] . Likewise, all the crystals of α-resorcylic acid studied in this work presented Xray patterns comparable to the one reported by Sarma et al. [60] (CCDC 764271).
Single-crystal X-ray diffraction of the protocatechuic acid obtained from the DMF solution showed crystallization in Monoclinic P2 1 /c system with cell parameters of a = 5.1683(8) Å, b = 5.3676(8) Å, c = 22.533(4) Å, β = 95.136(5)°, which does not match any available sample in the CCDC database. The molecular structure and the intra hydrogen bonds formed between the protocatechuic molecules are shown in detail in Fig. S5 of the Supporting information.
The experimental powder X-ray diffraction of the protocatechuic acid samples obtained from the solutions of water, methanol, ethyl acetate and 2-butanone are similar to the powder pattern calculated from the single-crystal X-ray diffraction data of protocatechuic acid published by Sarma et al. [60] with CCDC number of 764266. This sample crystallizes in triclinic P1 space group with cell parameters of a = 6.8800 (8) [61] and are similar to that obtained for gentisic acid from supplier. The ID used for all the samples obtained from the evaporation of the solvent as well as the X-ray diffraction patterns for all those samples are presented in the Supporting information (Table S4 and Figs. S6-9, respectively).
Thermodynamic modelling
In order to optimize the NRTL-SAC segment descriptors for each of the selected phenolic acids, the model calculations were performed using the MATLAB software version R2013a. The selected optimization algorithm was the MATLAB routine Isqnonlin, which is based on nonlinear least-squares curve fitting of the objective function (relative value of the difference between the experimental and the calculated solubility data).
First, the four NRTL-SAC conceptual segments (X, Y + , Y − , Z) were estimated for each solute by correlating part of the solubility data obtained in this work (solubility in water, methanol, ethanol, isopropanol, 2-butanone, acetonitrile and ethyl acetate). As discussed before, the melting properties have high uncertainty, and for that reason, the reference solvent approach (RSA) proposed by Abildskov and O'Connell [53] was combined to the NRTL-SAC model. To best evaluate 2.04(4) 2.856 (2) 169 (4) the accuracy of the results, the average relative deviations (ARD %) were calculated for each binary system as follows:
where NP is the number of data points, and x i exp and x i calc are the experimental and calculated solubility in mole fraction, respectively.
After, the molecular descriptors were used to predict the solubility of the phenolic acids in 1-propanol and DMF. In Table 7 , the optimized NRTL-SAC parameters are shown for each phenolic acid, as well as the reference solvent found, the outlier solvent presenting the highest ARD and the global ARD. The outliers were 2-butanone (protocatechuic and gentisic acids) and ethyl acetate (gallic and α-resorcylic acids) and, in all systems, the best reference solvent was acetonitrile.
The correlation results indicate that NRTL-SAC is an adequate model to correlate the solubility of the studied compounds, with average relative deviations varying between 28% and 40%. In previous works,Mota et al. [30, 33] have applied NRTL-SAC to predict solubility of drug molecules in water and organic solvents, such as paracetamol, furosemide, allopurinol, salicylic acid, benzoic acid and ibuprofen, reporting ARD values of 67% [33] and 41% [30] , which are of the same order of magnitude to those found in this work.
In general, the solubility values in alcohols are better described if compared to those containing 2-butanone and ethyl acetate. Good correlations results were also obtained for the solubility in aqueous systems.
Once the NRTL-SAC segment parameters were obtained, the model was used to estimate the solubility in 1-propanol and DMF. The obtained ARD were 15% and 59% for 1-propanol and DMF, respectively, which indicate that NRTL-SAC is quite suitable to perform solubility predictions of the selected solvents (the results for each simulation are detailed in Fig. S10 of the Supporting information). For 1-propanol, the deviation is similar to those obtained for other alcohols during the correlation process. Besides, the experimental solubilities are in general lower in 1-propanol than in 2-propanol, behavior that is also predicted by NRTL-SAC simulations. For DMF, although the average deviation was higher than in 1-propanol, it is similar to values reported by other authors in binary systems containing small and medium size drug molecules [30, 33, [65] [66] [67] . Fig. 6 illustrates the big picture by presenting the calculated solubility obtained from NRTL-SAC + RSA versus the experimental solubility value. As can be seen, the model satisfactorily represents the solubility of some phenolic acids, especially for alcohols and water. The most difficult systems to describe were those containing 2-butanone and ethyl acetate, which presented ARD varying between 42% and 95%, whereas systems containing alcohols and water were correlated easier, obtaining ARD varying between 8% and 33%. For the predictions, the calculated solubilities of the selected solutes in DMF were lower than the experimental values, which were surprisingly high compared to the other non-alcohols solvents. Like shown in Section 4.3, for protocatechuic acid in DMF, these difficulties can also be probably connected to some solid phase change.
Conclusions
In this work, the solubility of four phenolic acids (gallic, protocatechuic, gentisic and α-resorcylic acids) was measured in water and eight organic solvents at 298.15 K and 313.15 K, using the isothermal shake-flask method, combined with gravimetric analysis. The coefficients of variation calculated from the experimental data were lower than 2%, indicating the precision of the solubility measurements. By increasing the temperature, an increment in the solubility of the phenolic acids was observed. Moreover, the solubility data exhibited the same pattern for alcohols, presenting the highest solubilities for those having the shortest carbon chain. On the other hand, a distinct behavior was observed for the systems containing 2-butanone, acetonitrile and ethyl acetate. In those cases, the solubilities of protocatechuic and gentisic acids are much higher than the solubilities of gallic and α- Table 6 Characterization of the solid samples obtained from evaporating the solvent from the selected set of saturated solutions by powder X-ray diffraction and single-crystal X-ray diffraction. resorcylic acids. For systems containing DMF, the solubility of the four phenolic acids was surprisingly high.
Regarding the calorimetric studies, the melting temperatures of protocatechuic, gentisic and α-resorcylic acids are in agreement with the values reported in literature. Although the uncertainties related to the enthalpies of fusion are much higher, the values estimated in this work are a relevant contribution to fill the gap on this type of phase change properties.
The solid phase studies showed that the crystals of gallic, gentisic and α-resorcylic acids obtained from the manufacturer and from gravimetry are comparable to structures previously reported in the CSDsystem. On the other hand, crystals of protocatechuic acid from the supplier and crystals of protocatechuic acid obtained after evaporation of DMF presented structures not yet reported in the CSD-system. The other crystals from protocatechuic acid binary systems showed powder X-ray diffraction comparable to the powder pattern calculated from the single-crystal X-ray diffraction data of protocatechuic acid published by Sarma et al. [60] .
NRTL-SAC combined with the reference solvent approach was successfully employed to correlate and predict the solubility data of the selected solutes in water and in organic binary systems. The ARD varied between 28% and 40% for correlation results and between 16% and 59% for predictions. Systems containing 2-butanone or ethyl acetate are more difficult to be described, generally presenting values with a lower order of magnitude compared to the experimental solubilities. 
